Introduction
Micromixers can be integarted in Lab-on-Chip (LoC) applications to improve mixing in laminar flow regime. Improved mixing can be achieved actively with external disturbance or passively with chaotic advection at high flow rate. A high flow rate also results in a shorter residence time and a faster analytical time. As mentioned above, micromixers are categorized as active and passive types.
1, 2 Passive micromixers relies on modifications in the shape or the geometry of the mixing channel. Due to the lack of active components, passive mixers are relatively easy to implement in a LoC system. Most passive micromixers use chaotic advection to improve mixing. [3] [4] [5] [6] [7] [8] Stroock et al. introduced the staggered herringbone mixer (SHM) based on chaotic advection. 6, 9 Following this work, the channel designs were modified in various manners to improve mixing performance. 7, 10 Mei et al. showed that having the herringbone pattern in the mixing channel improved the sensitivity of luciferase assay by three times.
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Simple Y-shaped or T-shaped micromixers were often used in LoC application. Wei et al. reported a simple mixer for the determination of benzoyl peroxide in flour. 12 He et al. developed a LoC for micro flow injection analysis (µFLA) to determine the amount of nitrite in food. 13 Marle and Greeway used a
LoC to determine the amount of hydrogen peroxide in rainwater. 14 These devices have a simple serpentine microchannel as a mixing channel. Since simple T-mixers rely on molecular diffusion for mixing, the flow rate is limited to about 20 or 50 µl min -1 and cannot be increased further. Based on Einstein-Smoluchowski diffusion theory, the time estimated for a protein with a diffusion coefficient of D ≈ 10 -6 cm 2 s -1 to move across half of a channel with a width of 1 mm is about 125 seconds. To warrant a residence time less than 125 seconds, a low flow rate is required for the operation of these devices.
Micromixers often serve as a microreactor. Tan et al. used a modified SHM for detection of nerve agent sarin in blood. 15 The modified SHM had been used as a reactor for nerve gas regeneration.
Potassium fluoride was mixed with sarin-spiked whole blood to regenerate sarin for further detection. The optimized flow rate for this reactor was 20 µl min −1 , because the required time for enzymatic reaction was considered. Xu et al. also used a SHM for glucose detection. 16 Although, the SHM was included to assist mixing, a low flow rate was used. Luminol and hexacyanoferrate was injected at 10 µl min -1 into a 32-mm long SHM. Subsequently, glucose was injected at 25 µl min -1 into a 35-mm long reactor with of immobilized particles for glucose oxidase. The reactants were mixed in another 34.7-mm long SHM.
When the sample flow rate increased from 10 to 70 µl min -1 , the detected signal decreased, apparently due to insufficient reaction time as claimed by the author. According to Lin's work,mixing length of 60 mm to achieve a standard a deviation of uniformity of 0.05. Hence, the length of a SHM warrants the sufficient residence time and proper mixing at higher flow rates.
Therefore, introduction of appropriate micromixer design, as a microreactor in the LoC, may facilitate maximum mixing efficiency, followed by maximum reaction efficiency at a higher flow rate setting. But, the flow rate is limited by the enzymatic reaction time in the respective chemical system. In this preliminary study, we investigated the dependency of flow rate and mixing channel length on CL intensity in a chaotic advection passive micromixer. Our ultimate objective was to develop a CL microchip system suitable for determination of low concentration of analyte with shorter analytical time.
This micromixer design was adopted from Tan et al.'s work 15 . It had been used for mixing of reagents for enzymatic reaction. But, it had not been characterised in CL related detection. A low flow rate had to be used to cater for the enzymatic reaction time. Since the micromixer made use of chaotic advection, higher flow rate should result in better mixing. Hence, its potential was not utilised. A long reaction channel was created in our microchip to ensure that the optimum micromixer mixing channel length and maximum CL intensity could be determined. An optical fiber connected to a photon detector was used to probe the pinpoint CL light intensity along the channel. The optimum micromixer mixing channel length might be determined from using this method. After the optimisation of the flow rate and mixing channel length, the microchip was used to demonstrate the determination of cobalt (II) ions and hydrogen peroxide. The luminol CL intensity followed good correlation with increasing cobalt (II) ions and hydrogen peroxide at low concentrations. For future microfluidic devices, the appropriate length of passive micromixer, accompanied by shorter analytical time could be fabricated.
Materials and Methods

Microchip Design
The micromixer design was adopted from Tan et al.'s work. 15 The micromixer acts as the reaction channel, which is 1. laser system to make the PMMA parts. The parts were aligned and thermally bonded at low pressure, 170 0 C. Tube plugs were glued by epoxy glue to provide access to the inlets and outlet to the microchip.
Chemiluminscence reagents
All reagents were analytical grade. 
Experimental Setup
A programmable syringe pump, Kd Scientific KDS 250 was purchased from Microdialysis Infusion Pump (Massachusetts, US). H7467 photon detector with a microcontroller and RS-232C interface was obtained from Hamamatsu (Japan). Analysis 3.4 was obtained from Veriner Software.
A mixture (1:1) of diluted hydrogen peroxide and cobalt(II) solution and luminol in carbonate buffer were introduced by 5 ml disposable syringes through the syringe pump via Teflon tubing into the microchip. The flow rate in the main channel is twice the flow rate in the inlet. CL light intensity was captured by attaching a 1 mm optical fiber from the chip to the adaptor of the photon detector. This experimental setup is shown in Figure 2 .
This photon detector was interfaced directly to a personal computer via serial connection and data was directly captured by self-written Q-basic software at 30 ms or 50 ms integration time. The data was obtained over a 10 s interval for each reading. The data points were exported to the software, Analysis 3.4
for further analysis, and graphs were then plotted using Excel 2007. The counts numbers was averaged and converted to per ms interval. All the experiments and readings were conducted in a dark room to eliminate background readings. Each set of experiments were repeated more than 5 times for reliable data.
Outliers were removed from the analysis.
Results and Discussions
Effect of flow rate on CL intensity
To investigate the effect of the flow rate on the CL intensity emitted from the reactions, an optical There are several explanations for this phenomenon. A straightforward answer is more reagents are pumped into the microchip at a higher flow rate and therefore a brighter signal is observed. Another, the micromixer makes use of the mixing principle of chaotic advection. 15 The unique feature about such a micromixer is, a higher flow rate will result in the generation of faster vortices, in turn, a more vigorous mixing. 1 Therefore, more reactants can interact with a more dynamic flow.
A high flow rate setting is recommended to give a brighter CL signal. This will also reduce the analytical time required for each sample. This is done at the cost of excessive use of reagents. An increased in flow rate will also increases the pressure within the microchannel in the microchip. This may lead to leakage. In usual cases, an extreme high flow resistance in the channel may cause the mechanical syringe pump to stall. Hence, a compromise between high signal magnitude and leakage needs to be found for an optimal flow rate.
Effect of mixing channel length on CL intensity
Next, the effect of mixing length on CL intensity emitted from the reactions was explored for flow rates ranging from 1.67 to 16.7 µl min -1 . Using the similar experimental conditions as described previously, the optical fiber was attached at various locations on the chip to measure this light signal. The optical fiber was able to provide pin-point information on the CL reaction along the channel. This enabled us to understand how vigorous the reaction was at that particular point and determine the location of maximum CL intensity along the channel. Figure 4 shows the CL intensity emitted from the reactions captured along the mixing channel length for the different flow rate. For each flow rate, the CL intensity from the equivalent concentration of reactants increased, and then decreased along the channel. The maximum CL intensity occurred at around 100 mm along the channel. A possible explanation for this is that the batch of reagents that is being introduced into the microchip is not well-homogenized initially. Chemical reactions occur between the molecules is restricted to the portion of molecules that happens to be mixed, and interacts with each other.
When the reactants are more homogenized later after proper mixing, maximum interactions between molecules occur, maximum number of reactions happens and photon emission is at the maximum. This CL intensity from the reactions drops as the batch of reagents is exhausted later along the channel. As the reaction proceeds over time, these reactants are diminished, the number of reactions reduces, and the amount of photons emitted from the reaction decreases. Hence CL intensity also drops along the channel.
The trendlines were curve-fitted in graph, Figure 4 . Using differential calculus, the derivative gradient The detail of the effectiveness of this micromixer was investigated in our laboratory but had not been reported. Early studies indicated that the micromixer required a mixing length of 56 mm to achieve mixing efficiency of 90% at 20 µl min -1 . This served a good mixing function in our application. Therefore, the length of micromixer can be shortened to 60 mm to provide the need for mixing. And the reaction channel can be lengthened by 40 mm to cater for the relay in CL emission. The detector needs to be placed away from the entrance at 100 mm. This is important because the fabrication of intricate microstructures in the microchannel can be time-consuming. These adjustments in the design will aid in the fabrication of future microchip, because it will reduce redundant features.
Using this relationship obtained earlier, the location of the maximum CL intensity along the mixing channel can be adjusted. For instance, to align the maximum CL intensity to the centre of the mixing channel at 110 mm, the velocity in the channel is estimated to be 0.390 mm s -1 , corresponding to a flow rate of 16.8 µl min -1 was chosen. The optical fiber records the intensity of the light signal at pinpoint location. Hence, it is important to know the precise location to attach optical fiber so that the capture of maximum CL intensity will not be missed.
Effect of concentrations of cobalt(II) ions on CL intensity
Next, the effects of the concentrations of cobalt(II) ions on CL intensity emitted from the reactions was investigated. The concentration of cobalt(II) ions that was being determined, was from 10 -10 to 10 The applications of the microchip would also be useful for the measurement of the water quality for the presence of heavy metals such as cadmium(II) and other ions.
contamination is important to monitor pollution from industrial wastewater, safety of food, including agricultural and fishery products in marine coastal water.
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Effect of concentrations of hydrogen peroxide on CL intensity
Hydrogen peroxide determination was another important application of luminol CL system. 27 The CL intensity given off by different concentration of hydrogen peroxide from the reactions was studied. This linear correlation implies that this microchip can be used for the determination of the concentration of hydrogen peroxide. Hydrogen peroxide is produced in oxidative stress in cells. It is a product from the oxidation of glucose, cholesterol and uric acid by oxidase enzyme. 28 Hence, the detection of hydrogen peroxide is useful for medical diagnostics. Hydrogen peroxide can also be used to monitor rainwater, which is an efficient oxidiser of sulfur dioxide to produce sulfuric acid, an important compound in acid rain formation.
Further optimization of CL intensity in the microchip
The pinpoint measurement using the optical fiber is only able to sample a small amount of reactant volume in the microchannel. Therefore, the CL intensity captured from the reaction was weak. Higher flow rate set will increase the CL intensity. Given a flow rate of 100 µl min 
Conclusion
A microchip, containing a passive micromixer as the reaction channel was characterized for luminolperoxide chemiluminescence (CL) detection. A high flow rate was found to lead to a brighter CL signal intensity and shorter analytical time. A parabolic distribution of CL intensity was found along the reaction channel. The maximum CL intensity of this distribution shifted with increasing flow rate. The 
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